Introduction
Swarm Intelligence in the form of Particle Swarm Optimization (PSO) has potential applications in electric drives. The excellent characteristics of PSO may be successfully used to optimize the performance of electric machines and electric drives in many aspects. It is estimated that, electric machines consume more than 50% of the world electric energy generated. Improving efficiency in electric drives is important, mainly, for two reasons: economic saving and reduction of environmental pollution. Induction motors have a high efficiency at rated speed and torque. However, at light loads, the iron losses increase dramatically, reducing considerably the efficiency. Swarm intelligence is used to optimize the performance of three applications; these applications are represented as follows:
• Losses Minimization of two asymmetrical windings induction motor • Maximum efficiency and minimum operating cost of three-phase induction motor • Optimal electric drive system for fuel cell hybrid electric vehicles. In this chapter, a field-oriented controller that is based on Particle Swarm Optimization is presented. In this system, the speed control of two asymmetrical windings induction motor is achieved while maintaining maximum efficiency of the motor. PSO selects the optimal rotor flux level at each operating point. In addition, the electromagnetic torque is also improved while maintaining a fast dynamic response. A novel approach is used to evaluate the optimal rotor flux level by using Particle Swarm Optimization. PSO method is a member of the wide category of Swarm Intelligence methods (SI). The swarm intelligence is based on real life observations of social animals (usually insects), it is more flexibility and robust than any traditional optimization methods. PSO algorithm searches for global optimization for nonlinear problems with multi-objective. There are two speed control strategies explained in the next sections. These are field-oriented controller (FOC), and FOC based on PSO. The strategies are implemented mathematically and experimental. The simulation and experimental results have demonstrated that the FOC based on PSO method saves more energy than the conventional FOC method.
In this chapter, another application of PSO for losses and operating cost minimization control is presented for the induction motor drives. Two strategies for induction motor speed control are proposed. These strategies are maximum efficiency strategy (MES), based PSO, and minimum operating cost Strategy. The proposed technique is based on the principle that the flux level in a machine can be adjusted to give the minimum amount of losses and minimum operating cost for a given value of speed and load torque. In the demonstrated systems, the powertrain components sizing and the power control strategy are the only adjustable parameters to achieve optimal power sharing between sources and optimal design with minimum cost, minimum fuel consumption, and maximum efficiency for Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs). Their selection greatly influences the performance of the drive system in Hybrid Electric Vehicles applications. In this section, the design and power management control are investigated and optimized by using Particle Swarm Optimization.
Losses minimization of two asymmetrical windings induction motor
In this section, a field orientation based on Particle Swarm Optimization (PSO) is applied to control the speed of two-asymmetrical windings induction motor. The maximum efficiency of the motor is obtained by the evaluation of optimal rotor flux at each operating point. In addition, the electro-magnetic torque is also improved while maintaining a fast dynamic response. In this section, a novel approach is used to evaluate the optimal rotor flux level. This approach is based on Particle Swarm Optimization (PSO). This section presents two speed control strategies. These are field-oriented controller (FOC) and FOC based on PSO. The strategies are implemented mathematically and experimental. The simulation and experimental results have demonstrated that the FOC based on PSO method saves more energy than the conventional FOC method [Hegazy, 2006; Amin et al., 2007; Amin et al., 2009] . The two asymmetrical windings induction motor is treated as a two-phase induction motor (TPIM). It is used in many low power applications, where three-phase supply is not readily available. This type of motor runs at an efficiency range of 50% to 65% at rated operating conditions. The conventional field-oriented controller normally operates at rated flux at any values with its torque range. When the load is reduced considerably, the core losses become so high causing poor efficiency. If significant energy savings are required, it is necessary to optimize the efficiency of the motor. The optimum efficiency is obtained by the evaluation of the optimal rotor flux level. This flux level is varied according to the torque and the speed of the operating point. PSO is applied to evaluate the optimal flux. It has the straightforward goal of minimizing the total losses for a given load and speed. It is shown that the efficiency is reasonably close to optimal.
Mathematical model of the motor
The d-q model of an unsymmetrical windings induction motor in a stationary reference frame can be used for a dynamic analysis. This model can take in account the core losses. The d-q model as applied to TPIM is described in [Hegazy, 2006; Amin et al., 2009] . The equivalent circuit is shown in Fig. 1 
Field-Oriented Controller [FOC]
The stator windings of the motor are unbalanced. The machine parameters differ from the d axis to the q axis. The waveform of the electromagnetic torque demonstrates the unbalance of the system. The torque in equation (11) contains an AC term; it can be observed that two values are presented for the referred magnetizing inductance. It is possible to eliminate the AC term of electro-magnetic torque by an appropriate control of the stator currents. However, these relations are valid only in linear conditions. Furthermore, the model is implemented using a non-referred equivalent circuit, which presumes some complicated measurement of the magnetizing mutual inductance of the stator and the rotor circuits. The indirect field-oriented control scheme is the most popular scheme for field-oriented controllers. It provides decoupling between the torque and the flux currents. The electric torque must be a function of the stator currents and rotor flux in synchronous reference frame [Popescu & Navrapescu, 2000] . Assuming that the stator currents can be imposed as: 
Where: Friction power losses = F * ω r 2 , and Output power (P out ) = T L * ω r .
Losses minimization control scheme
The equation (33) is the cost function, the total losses, which depends on rotor flux (λr) according to the operating point. Figure 2 presents the distribution of losses in motor and its variation with the flux. As the flux reduces from the rated value, the core losses decrease, www.intechopen.com
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but the motor copper losses increase. However, the total losses decrease to a minimum value and then increase again. It is desirable to set the rotor flux at the optimal value, so that the efficiency is optimum [Hegazy, 2006; Amin et al., 2006; Amin et al., 2009] .
Fig. 2. Losses variation of the motor with varying flux
PSO is applied to evaluate the optimal flux that minimizes the motor losses. The problem can be formulated as follows:
Particle Swarm Optimization (PSO)
Particle swarm optimization (PSO) was originally designed and introduced by Eberhart and Kennedy [Ebarhart, Kennedy, 1995; Ebarhart, Kennedy, 2001] . Particle Swarm Optimization (PSO) is an evolutionary computation techniq u e ( a s e a r c h m e t h o d b a s e d o n a n a t u r e system). It can be used to solve a wide range of optimization problems. Most of the problems that can be solved using Genetic Algorithms (GA) could be solved by PSO. For example, neural network training and nonlinear optimization problems with continuous variables can be easily achieved by PSO [Ebarhart, Kennedy, 2001] . It can be easily expanded to treat problems with discrete variables.
The system initially has a population of random solutions. Each potential solution, called a particle. Each particle is given a random velocity and is flown through the problem space. The particles have memory and each particle keeps track of its previous best position (call the pbest) and with its corresponding fitness. There exit a number of pbest for the respective particles in the swarm and the particle with greatest fitness is called the global best ( 
Using the above equations, a certain velocity can be calculated that gradually gets close to (pbest) and (gbest). The current position (searching point in the solution space) can be modified by the following equation: : Maximum iteration number, iter : Current iteration number.
• In (35), the losses formula is the cost function of the PSO. The particle swarm optimization (PSO) technique is used for minimizing this cost function.
•
The PSO is applied to evaluate the optimal rotor flux that minimizes the motor losses at any operating point. Figure 3 presents the flowchart of the execution of PSO, which evaluates the optimal flux by using MATLAB /SIMULINK. The optimal flux is the input of the indirect rotor flux oriented controller. The indirect fieldoriented controller generates the required two reference currents to drive the motor corresponding to the optimal flux. These currents are fed to the hysteresis current controller of the two-level inverter. The switching pattern is generated according to the difference between the reference current and the load current through the hysteresis band. Figure 4 shows a whole control diagram of the proposed losses-minimization control system. 
Simulation results
In this section, the proposed application is implemented numerically using MATLAB-SIMULINK to validate the performance of the proposed control strategy. The motor used in this study has the following parameters, which were measured by using experimental tests. Table 1 shows motor parameters. The used parameters of the PSO are shown in The optimal rotor flux provides the maximum efficiency at any operating point. There are six-cases of the motor operation are studied by using FOC based on PSO. PSO will evaluate the optimal rotor flux level. This flux is fed to the FOC module. Figure 5 shows the performance of the motor at case (1) Figure 7 presents the optimal flux, which is obtained by applying PSO. Table 3 presents the summary of the results of FOC and FOC based PSO methods. 
FOC based PSO FOC

Improvement
(%) In practical system, the flux level based on PSO at different operating points (torque and speed) is calculated and stored in a look up table (LUT). The use of look up table will enable the system to work in real time without any delay that might be needed to calculate the optimal point. The proposed controller would receive the operating point (torque and speed) and get the optimum flux (λ optimal ) from the look up table. It will generate the required reference current. It is noticed that, the efficiency with the FOC based on PSO method is higher than the efficiency with the FOC method only.
Experimental results
To verify the validity of the proposed control scheme, a laboratory prototype is built and tested [Hegazy, 2006; Amin et al., 2006; Amin et al., 2009] . The basic elements of the proposed experimental scheme are shown in Fig. 8 and Fig. 9 . The experimental results of the motor are achieved by coupling the motor to an eddy current dynamometer. The experimental results are achieved using two control methods:
, and
based on PSO. The reference and the actual motor currents are fed to the hysteresis current controller. The switching pattern of the two-level four-switch inverter [FSI] is generated according to the difference between the reference currents and the load currents. Figure 10 shows the experimental results of the motor with FOC at case (1), where the motor is loaded by T L = 0.25 PU. Figure 11 shows the experimental result of the motor with FOC based on PSO at case (1). The cases are summarized in Table 4 . Finally, these results demonstrate that, the FOC based on PSO method saves more energy than conventional FOC method. Thus, the efficiency with PSO is improved than it's at FOC.
Maximum efficiency and minimum operating cost of induction motors
This section presents another application of PSO for losses and operating cost minimization control in the induction motor drives. Two control strategies for induction motor speed control are proposed. Those two strategies are based on PSO and called Maximum Efficiency Strategy and Minimum Operating Cost Strategy [A. Hamid et al. 2006] . The proposed technique is based on the principle that the flux level in the machine can be adjusted to give the minimum amount of losses and minimum operating cost for a given value of speed and load torque. The main advantages of the proposed technique are; its simple structure. It is a straightforward maximization of induction motor efficiency and its operating cost for a given load torque. As was demonstrated, PSO is efficient in finding the optimum operating machine's flux level. The optimum flux level is a function of the machine operating point.
The main induction motor losses are usually split into five components: stator copper losses, rotor copper losses, iron losses, mechanical losses, and stray losses [Kioskeridis & Margaris, 1996] . The efficiency that decreases with increasing losses can be improved by minimizing the losses.
Copper losses reduce with decreasing the stator and the rotor currents, while the core losses essentially increase with increasing air-gap flux density. A study of the copper and core losses components reveals that their trends conflict. When the core losses increase, the copper losses tends to decrease. However, for a given load torque, there is an air-gap flux density at which the total losses is minimized. Hence, electrical losses minimization process ultimately comes down to the selection of the appropriate air-gap flux density of operation. Since the air-gap flux density must be variable when the load is changing, control schemes in which the (rotor, air-gap) flux linkage is constant will yield sub-optimal efficiency operation especially when the load is light. Then to improve the motor efficiency, the flux must be reduced when it operates under light load conditions by obtaining a balance between copper and iron losses. The challenge to engineers, however, is to be able to predict the appropriate flux values at any operating points over the complete torque and speed range which will minimize the machines losses, hence maximizing the efficiency. In general, there are three different approaches to improve the induction motor efficiency especially under light-load.
a. Losses Model Controller (LMC)
This controller depends on a motor losses model to compute the optimum flux analytically. The main advantage of this approach is its simplicity and it does not require extra hardware. In addition, it provides smooth and fast adaptation of the flux, and may offer optimal performance during transient operation. However, the main problem of this approach is that it requires the exact values of machine parameters. These parameters include the core losses and the main inductance flux saturation, which are unknown to the users and change considerably with temperature, saturation, and skin effect. In addition, these parameters may vary due to changes in the operating conditions. However, with continuing improvement of evolutionary parameter determination algorithms, the disadvantages of motor parameters dependency are slowly disappearing.
b. Search Controller (SC)
This controller measures the input power of the machine drive regularly at fixed time intervals and searches for the flux value, which results in minimum power input for given www.intechopen.com
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values of speed and load torque. This particular method does not demand knowledge of the machine parameters and the search procedure is simple to implement. However, some disadvantages appear in practice, such as continuous disturbances in the torque, slow adaptation (7sec.), difficulties in tuning the algorithm for a given application, and the need for precise load information. In addition, the precision of the measurements may be poor due to signal noise and disturbances. This in turn may cause the SC method to give undesirable control performance. Moreover, nominal flux is applied in transient state and is tuned after the system reaches steady state to an optimal value by numerous increments, thus lengthening the optimization process. Therefore, the SC technique may be slow in obtaining the optimal point. In addition, in real systems, it may not reach a steady state and so cause oscillations in the air gap flux that result in undesirable torque disturbances. For these reasons, this is not a good method in industrial drives.
c. Look Up Table Scheme
It gives the optimal flux level at different operating points. This table, however, requires costly and time-consuming prior measurements for each motor. In this section, a new control strategy uses the loss model controller based on PSO is proposed. This strategy is simple in structure and has the straightforward goal of maximizing the efficiency for a given load torque. The resulting induction motor efficiency is reasonably close to optimal. It is well known that the presence of uncertainties, the rotor resistance, for instance makes the result no more optimal. Digital computer simulation results are obtained to demonstrate the effectiveness of the proposed method. The efficiency is defined as the output power divided by the electric power supplied to the stator (inverter losses are included):
Definition of operating strategies
in out P P = ) ( Efficiency η (45)
Maximum efficiency strategy
In MES (Maximum Efficiency Strategy), the slip frequency is adjusted so that the efficiency of the induction motor drive system is maximized [A. Hamid et al. 2006] . The induction motor losses are the following: 1. Copper losses: these are due to flow of the electric current through the stator and rotor windings and are given by: 
The output power is given by:
The input power is given by: 
The efficiency is expressed as:
The efficiency maximization of the induction motor problem can be formulated as follows:
The maximization should observe the fact that the amplitude of the stator current and flux cannot exceed their specified maximum point.
Minimum operating cost strategy
In Minimum Operating cost Strategy (MOCS), the slip frequency is adjusted so that the operating cost of the induction motor is minimized. The operating cost of the induction machine should be calculated over the whole life cycle of the machine. That calculation can be made to evaluate the cost of the consumed electrical energy. The value of average energy cost considering the power factor penalties can be determined by the following stages If the average energy cost C is calculated, it can be used to establish the present value of losses. The total cost of the machine is the sum of its initial cost plus the present worth value of losses and maintenance costs.
Where: PW L = present worth value of losses C0 = energy cost per kWh, C = modified energy cost per kWh T = running time per year (Hrs / year) N = evaluation life (years) P out = the output power (kW) η = the efficiency The operating cost minimization of the induction motor problem can be formulated as follows:
Simulation results
The simulation is carried out on a three-phase, 380 V, 1-HP, 50 Hz, and 4-pole, squirrel cage induction motor. The motor parameters are R s =0.0598, X ls =0.0364, X m =0.8564, X lr =0.0546, R r =0.0403, K e =0.0380, K h =0.0380, C str =0.0150, C fw =0.0093, S 1 =1.07, S 2 =-0.69, S 3 =0.77. For cost analysis, the following values were assumed: C 0 =0.05, N=15, T=8000. The task of PSO controller is to find that value of slip at which the maximum efficiency occurs. At certain load torque and rotor speed, the PSO controller determines the slip frequency ω s at which the maximum efficiency and minimum operating cost occur. The block diagram of the optimization process based on PSO is shown in Fig.12 . To observe the improvements in efficiency using the suggested PSO controller, Fig. 13 shows the efficiency of the selected machine for all operating conditions using conventional methods (constant voltage to frequency ratio, field oriented control strategy) and using the proposed PSO controller at different rotor speed levels, Wr = 0.2 PU, and Wr = 1 PU respectively [A. Hamid et al. 2006 ]. This figure shows that a considerable energy saving is achieved in comparison with the conventional method (field oriented control strategy and constant voltage to frequency www.intechopen.com
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ratio) especially at light loads and small rotor speed. Figure 14 compares the efficiency of the induction motor drive system under the maximum efficiency strategy with the minimum operating cost strategy at Wr = 1 PU. It is obvious from the figure that the efficiency is almost the same for both strategies for all operating points. Table 5 shows the efficiency comparison using few examples of operating points. Figure 15 compares the power factor of the induction motor drive system under the maximum efficiency strategy with the minimum operating cost strategy at Wr = 1 PU. Finally, the proposed PSO-controller adaptively adjusts the slip frequency such that the drive system is operated at the minimum loss and minimum operating cost. It was found that the optimal system slip changes with variations in speed and load torque. When comparing the proposed strategy with the conventional methods field oriented control strategy and constant voltage to frequency ratio). It was found that a significant efficiency improvement especially at light loads for all speeds. On the other hand, small efficiency improvement is achieved at near rated loads (see Fig.13, and Fig.15 ). Table 5 . Some examples of efficiency comparison under different Load torque levels and W r = 1 PU [A. Hamid et al. 2006] . Fig. 15 . The power factor of the induction motor using the maximum efficiency strategy compared with the efficiency using minimum operating cost strategy at Wr= 1 PU [A. Hamid et al. 2006] 
Optimal electric drive system for fuel cell hybrid electric vehicles
Although there are various FC technologies available for use in vehicular systems, the proton exchange membrane FC (PEMFC) has been found to be a prime candidate, since PEMFC has higher power density and lower operating temperatures when compared to the other types of FC systems. A stand-alone FC system integrated into an automotive powertrain is not always sufficient to satisfy the load demands of a vehicle. Although FC systems exhibit good power capability during steady-state operation, the response of fuel cells during transient and instantaneous peak power demands is relatively poor. Thus, the FC system can be hybridized with supercapacitors (SC) or batteries to meet the total power demand of a hybrid electric vehicle (HEV) [Van Mierlo et. al, 2006; Paladini et. al, 2007] . In this section, a new control strategy based PSO algorithm is proposed for the Fuel Cell/Supercapacitor hybrid electric vehicles to optimize the electric drive system . Many factors influence on the performance of the electric drive system. These factors are mass, volume, size, efficiency, fuel consumption and control strategy. Therefore, the PSO is proposed to minimize the cost, the size and the mass of the powertrain sources (Fuel cell, and supercapacitor) as well as minimum fuel consumption and improves the efficiency of the system. PSO algorithm searches for global optimization for nonlinear problems with multi-objective. For a given driving cycle, the size and the cost of fuel cell and supercapacitor are minimized by identifying the best number of units of each, respectively. Three methods have been designed to achieve the optimal sizing. These are conventional method, trial and error, as was mentioned in [Wu & Gao, 2006] , GA, and PSO. In addition, the hydrogen consumption is minimized by the evaluation of the optimal power distribution between fuel cell (main source) and supercapacitor (auxiliary source). Three control strategies are implemented to minimize the hydrogen consumption and maintain the state of charge (SOC) of the supercapacitor ( SOCinitial =SOCfinal), which are control strategy based on Efficiency Map (CSEM), Control strategy based on PSO (CSPSO), and control strategy based on GA (CSGA).
System description
The power system configuration is illustrated in Fig.16 . A hybrid fuel cell/supercapacitor vehicle utilizes a PEM fuel cell as the main power source and a supercapacitor as the auxiliary power source. A multiple-input power electronic converter (MIPEC) is proposed to interface the traction drive requirements. In the MIPEC, the FC is connected to DC Bus 
Modeling of the vehicle power demand
The load force of the vehicle consists of gravitational force, rolling resistance, aerodynamic drag force, and acceleration force. Hereby, the load power required for vehicle acceleration can be written as Hegazy et. al 
The total electric power required from sources can be expressed as:
The parameters of the vehicle are given in 
The coefficients of the terms in F(x) were chosen to reflect the importance of minimizing the cost, the mass and the volume. Suppose that w1, w2, and w3 are 0.35, 0.35, and 0.3, respectively. Figure 17 presents the flowchart of the execution of PSO, which evaluates the optimal number of the FC units and the supercapacitor units by using MATLAB /SIMULINK. The layout of the fuel-cell stack and layout of the supercapacitor system are shown in Fig.18 (a) and (b), respectively. The constraints of the optimization problems are mentioned in . 
Optimal Power Control (OPC)
The second goal of the PSO is to minimize the vehicle fuel, hydrogen, consumption while maintaining the supercapacitor state of charge. As a hybrid powertrain is under consideration, a power management strategy is required to define what both the FC and SC powers are. The global optimization algorithms, such as GA and dynamic programming (DP), achieve an optimal power control for FC/SC hybrid electric vehicle, which leads to the lowest hydrogen consumption and maintains the supercapacitor SOC [Sinoquet et. al 2009; Sundstrom & Stefanopoulou 2006] . In this study, the optimal power control can be achieved by using PSO and GA for a given driving cycle. Suppose that the degree of hybridization of the fuel cell is K fc at time t and K soc , Proportional controller gain, which used to adapt the SOC during charging from the FC. A balance equation can naturally be established, since the sum of power from both sources has to be equal to the required power at all times: The cost function can be expressed as follows:
The Optimal fuel cell power output, P fcOpti , is calculated based on the SOC of the supercapacitor and power demand, P req , as follows: 
Conclusion
This chapter deals with the applicability of swarm intelligence (SI) in the form of particles swarm optimization (PSO) used to achieve the best performance for the electric machines and electric drives. In addition, by analyzing and comparing the results, it is shown that control strategy based on PSO is more efficient than others control strategies to achieve the optimal performance for fuel cell/supercapacitor hybrid electric vehicles (FCHEV). It is very important to note that, these applications were achieved without any additional hardware cost, because the PSO is a software scheme. Consequently, PSO has positive promises for a wide range of variable speed drive and hybrid electric vehicles applications. 
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